Receptors for the gaseous phytohormone ethylene show sequence similarity to bacterial two-component histidine kinases. These receptors are encoded by a multigene family that can be divided into subfamilies 1 and 2. It has been previously shown that a subfamily 1 Arabidopsis thaliana ethylene receptor, ETR1, autophosphorylates in vitro on a conserved histidine residue (1). However, sequence comparisons between the five ethylene receptor family members suggest that subfamily 2 members do not have all the motifs necessary for histidine kinase activity. Further, a tobacco subfamily 2 receptor, NTHK1, autophosphorylates on serines and threonines in vitro (2). Here we show that all five Arabidopsis ethylene receptor proteins autophosphorylate in vitro. We analyzed the nature of the phosphorylated amino acids by acid/base stability and bi-dimensional thin layer electrophoresis and demonstrated that unlike ETR1 all other ethylene receptors autophosphorylate predominantly on serine residues. ERS1, the only other subfamily 1 receptor, is able to phosphorylate on both histidine and serine residues in the presence of Mn 2؉ . However, histidine autophosphorylation is lost when ERS1 is assayed in the presence of both Mg 2؉ and Mn 2؉ , suggesting that this activity may not occur in vivo. Furthermore, mutation of the histidine residue conserved in two-component systems does not abolish serine autophosphorylation, eliminating the possibility of a histidine to serine phosphotransfer. Our biochemical observations complement the recently published genetic data that histidine kinase activity is not necessary for ethylene receptor function in plants and suggest that ethylene signal transduction does not occur through a phosphorelay mechanism.
In bacteria, two-component signal transduction systems are involved in a variety of responses, including osmotic regulation, chemotaxis, and stress responses (reviewed in Ref. 3) . Canonical two-component signal transduction systems involve a sensor protein and a response regulator protein. In most cases the sensor consists of a variable amino-terminal domain located in the periplasm, two transmembrane regions, and a histidine kinase domain at the carboxyl terminus. The histidine kinase domain autophosphorylates in response to a given stimulus. The response regulator comprises a receiver domain and an effector domain. Following histidine autophosphorylation, the response regulator catalyzes the transfer of the phosphoryl group from the kinase domain of the sensor to an aspartate residue in its own receiver domain. The phosphorylation of the response regulator activates it, usually leading to a gain of DNA binding activity of its effector domain. Two-component proteins are also involved in more complex signaling pathways, termed phosphorelays. In these pathways the receptors are often hybrid proteins containing a receiver domain at the carboxyl terminus of their kinase domain. After autophosphorylation of the histidine residue in the kinase domain, the phosphoryl group is transferred intra-molecularly to the receiver domain. This phosphoryl group is subsequently transferred to a histidine-containing phosphotransfer protein and then to a response regulator protein, completing a phosphorelay (reviewed in Ref. 3) .
Two-component and phosphorelay signaling systems exist in both prokaryotes and eukaryotes. In the yeast Saccharomyces cerevisiae, for example, there is only one histidine kinase sensor protein, the osmolarity receptor SLN1 (4) . SLN1 is a hybrid histidine kinase that transfers its phosphoryl group to a histidine-containing phosphotransfer protein, YPD1, which then transfers the phosphoryl group to the response regulator SSK1 (5, 6) . This phosphorelay signaling system has been shown to regulate the SSK2-PBS2-HOG1 mitogen-activated protein kinase cascade (7) . In plants, there are several proteins with sequence similarity to histidine kinases, including phytochromes (8) and hormone receptors for ethylene (9 -12) and cytokinins (13) . The cytokinin signal transduction pathway has been proposed to function through a phosphorelay mechanism (13, 14) .
Ethylene gas functions as a hormone in plants, controlling many aspects of development and stress responses (15) . There are five ethylene receptors in Arabidopsis thaliana, and genetic and biochemical evidence suggests that they are all active in ethylene signal transduction (16, 17) . This receptor family can be further divided into two classes. ETR1 and ERS1 are subfamily 1 receptors and have all the conserved motifs necessary for histidine kinase activity (18) . The subfamily 2 class includes ETR2, ERS2, and EIN4. These proteins lack most of the motifs characteristic of histidine kinases, and EIN4 is the only one in this group containing the conserved histidine that is phosphorylated in two-component and phosphorelay systems. ETR1 autophosphorylates in vitro on this conserved histidine (1) . Like the yeast SLN1 signaling pathway, ethylene receptor signaling is thought to regulate the CTR1-SIMKK-SIMK/MMK3 mitogen-activated protein kinase cascade (19) . However, be-cause of the sequence divergence shown in Fig. 1A , it is doubtful that all the other family members can function as histidine kinases, even though they all function as ethylene receptors. Moreover, genetic data suggest that histidine autophosphorylation of ETR1 is not necessary for receptor function in ethylene signal transduction (20 -22) . There is significant evidence in the literature suggesting that histidine kinases can evolve into kinases that phosphorylate on serine residues. This phenomenon has been observed in the mitochondrial proteins branched chain ␣-ketoacid dehydrogenase kinase (23, 24) and pyruvate dehydrogenase kinase (25, 26) as well as plant phytochromes (27, 28) and a tobacco homologue of a subfamily 2 ethylene receptor (2) .
Here, we show that all five ethylene receptors autophosphorylate in vitro. However, ETR1 is the only family member that autophosphorylates exclusively on histidine residues. All other receptors show predominantly serine autophosphorylation under our assay conditions, and ERS1 autophosphorylates on both histidine and serine in the presence of Mn 2ϩ . However, histidine autophosphorylation is not observed when ERS1 is assayed in the presence of Mg 2ϩ and Mn 2ϩ , suggesting that ERS1 might not have this activity in vivo unless a Mn 2ϩ donor is present. Moreover, mutation studies show that the histidine residue conserved in histidine kinases is not required for the serine autophosphorylation of the ethylene receptors. Hence our results suggest that ethylene signal transduction in plants does not occur by a phosphorelay mechanism.
EXPERIMENTAL PROCEDURES

Construction of Expression Plasmids-The soluble domains of the
Arabidopsis thaliana ethylene receptors were amplified from cDNA clones with the following primers (engineered restriction sites are underlined): ETR1, 5Ј-AGCTCGGATCCGAAATGGGATTGATTCGAACT- CA-3Ј and 5Ј-ATCCAGGATCCTTACATGCCCTCGTACAGTACC-3Ј;  ETR2, 5Ј-GAGCTTCCCGGGGAAGTTGGTTTGATTTTGATTAA-3Ј and  5Ј-AGCCATCCCGGGTTAGAGAAGTTGGTCAGCTTGCAAC-3Ј; ETR-2⌬GAF, 5Ј-ATGGCGCCCGGGGACGCGTTGAGAGCGAGCCAAGC3Ј  and 5Ј-AGCCATCCCGGGTTAGAGAAGTTGGTCAGCTTGCAAC-3Ј;  ERS1, 5Ј-AGTTAGGATCCGAAATGGGTCTTATTTTAACACA-3Ј and  5Ј-TCCATGGATCCTCACCAGTTCCACGGTCTGGTTTGT-3Ј; ERS2,  5Ј-AGAGCTTAGATCTGAGGTTGGGATCATTATGAAGCA-3Ј and 5Ј-CATGGATAGATCTTCAGTGGCTAGTAGACGGAGGAGTT-3Ј; and  EIN4, 5Ј-AGCTTGGATCCGAGGTTGGATTGATGAAGAGGCA-3Ј and  5Ј-AGGATGGATCCTCACTCGCTCGCGGTCTGCAAAGC-3Ј. ETR1,  ERS1 , and EIN4 PCR products were cut with BamHI and cloned into pESP-1 (Stratagene), ETR2 and ETR2-⌬GAF were cut with XmaI and cloned into pESP-1, and ERS2 was cut with BglII and cloned into the BamHI site of pESP-1.
For the mutagenesis, we used the ExSite site-directed mutagenesis kit (Stratagene) on a BamHI-BamHI fragment containing receptor coding sequence cut from the previously described plasmids and cloned into pBSKS(ϩ). The plasmids were methylated prior to mutagenesis. The primers used for the mutagenesis were as follows (nucleotide substitutions are underlined): ETR1-H, 5Ј-GAACACCGATGGCTGCGAT-TATTGCACT-3Ј and 5Ј-GCATTTCAGCGTTCATAACCGCTAG-3Ј; ET-R2-H, 5Ј-CCTATGGCTTCGATACTCGGTCTTT-3Ј and 5Ј-ACGCCTCA-TCCCTTCGCTCATCGTT-3Ј; ERS1-H, 5Ј-GGACACCGATGGCTGCCA-TCATCTCTCT-3Ј and 5Ј-TCATCTCGGCGTTCATAACAGCTAG-3Ј; EI-N4-H, 5Ј-GGAGACCAATGGCCACAATTCTTGGTCT-3Ј and 5Ј-TCAT-TCCAGCACTCATCACTTTCTG-3Ј; ETR1-G1, 5Ј-CAGCAGCAATAAA-TCCTCAAGAC-3Ј and 5Ј-CAGAGTCTTTTACCTTCACTATA-3Ј; ERS1-G1, 5Ј-CGTGTGCAATTCACACACAAGAC-3Ј and 5Ј-CTGTGTCCTTC-ACCTGCACAC-3Ј; ETR1-G2, 5Ј-ACTAGCACCGGAGCTTCTCGTCGC-TAAAG-3Ј and 5Ј-GCGCTTGCCCTCGCCATCTCCAAGA-3Ј; ERS1-G2, 5Ј-CAGCGGAATGGTTCCTCTGAGT-3Ј and 5Ј-GAGCACTAGCGCTA-GCTCTCTGTAAACGGTT-3Ј; ERS1-N1, 5Ј-TATGCTATTGTTAATCA-GAAACGTCTGATGC-3Ј and 5Ј-AGTTGGTAAGTCAGCAGACAGAAT-CAGATTCG-3Ј; ERS2-N1, 5Ј-AGGTCTTTCAAGCGATTTTGCACATG-CTTGGGGTTC-3Ј and 5Ј-TTCTATTATTACCTACGACGTAGTCAGG-C-3Ј; ERS1-N2, 5Ј-CATCATGGCCAACGCTGTGAAGTTTACTAAGAA-AGGCT-3Ј and 5Ј-TTAAGAATTGTTTCCATCAGACGTTTCTCATCAC-C-3Ј; and ERS2-N2, 5Ј-TTGCACATGCTTGCGGTTCTAATGAATCGA-AAGATC-3Ј and 5Ј-AATCGCTTCAAAGACCTTCTTATCACCTACG-3Ј.
The reverse primers were phosphorylated, and the cycle parameters for the mutagenesis followed the manufacturer's guidelines. Mutagenesis was confirmed by sequencing and the mutated BamHI-BamHI fragment was returned to the expression vector.
Expression of Recombinant Proteins-The recombinant constructs were transformed into Schizosaccharomyces pombe SP-Q01 (Stratagene) according to the ESP® yeast protein expression and purification system (Stratagene) protocol. Colonies that grew on agar plates of Edinburgh minimal media supplemented with thiamine were selected for screening. Colonies were grown in Edinburgh minimal media for 8 h and lysed with the Yeast-Buster kit (Novagen), according to manufacturer's protocol. Protein blots of total lysate with a goat anti-GST antibody (Amersham Biosciences) were used to determine expression levels of positive clones. Expressing clones were grown in 50 ml yeast extract supplemented media for 18 h (3.0 Յ A 600 Յ 4.0) and were used to inoculate 50 ml of yeast extract supplemented media to an A 600 of 0.4. After a 5-h growth period (A 600 Ϸ 1.0) the cells were washed twice with 50 ml of sterile water and resuspended in 500 ml of Edinburgh minimal media (A 600 Ϸ 0.1). The culture was incubated at 30°C for 18 -22 h (1.8 Յ A 600 Յ 2.2). Proteins were extracted by vortexing at 4°C with 1ϫ PBST (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 1% (v/v) Triton® X-100) with glass beads (425-600 m, Sigma) and protease inhibitors: 1 mM phenylmethylsulfonyl fluoride (Sigma), 1 g/ml aprotinin (Sigma), 1 g/ml chymostatin (Sigma), 10 l/ml protease inhibitor mixture for fungal and yeast extracts (Sigma). Recombinant proteins were purified from clarified lysate on a glutathioneSepharose 4B (Amersham Biosciences) column, which was washed with 1ϫ phosphate-buffered saline (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 ). GST 1 -tagged proteins were eluted with elution solution (10 mM reduced glutathione (Sigma), 50 mM Tris-HCl, pH 8.0, 20% (v/v) glycerol). For proteins purified without the GST tag, instead of elution solution columns were eluted with thrombin (Amersham Biosciences) in 1ϫ phosphate-buffered saline. Eluted proteins were concentrated with Centriplus YM-50 (Amicon) and the buffer was exchanged for storage solution (50 mM Tris-HCl, pH 8.0, 25% (v/v) glycerol). Purification of recombinant protein was confirmed by protein blot, using goat anti-GST (Amersham Biosciences) or mouse anti-FLAG® (Stratagene) antibodies. Proteins were aliquoted and stored at Ϫ80°C.
Autophosphorylation Assay-50 pmol of purified recombinant protein were assayed in 50 mM Tris, pH 7.5, 10 mM MgCl 2 (or MnCl 2 ), 2 mM dithiothreitol, 10% (v/v) glycerol, 0.5 mM [␥-
32 P]ATP (1 Ci/mmol Ϸ 1500 cpm/pmol). The reaction buffer with both Mg 2ϩ and Mn 2ϩ contained 0.15 mM MnCl 2 and 10 mM MgCl 2 . Mg 2ϩ and Mn 2ϩ concentrations in solution were calculated using a BASIC version of the COMICS program by Perrin and Sayce (29) using the stability constants described in Ref. 30 . The reaction buffer for the autophosphorylation of calciumdependant protein kinase ␣ contained 0.12 mM CaCl 2 and 10 mM MgCl 2 . Reactions were incubated for 60 min at 25°C and stopped by adding 5ϫ loading dye (250 mM Tris-HCl, pH 6.8, 500 mM dithiothreitol, 10% (w/v) SDS, 0.5% (w/v) bromphenol blue, 50% (v/v) glycerol) and boiling for 3 min. Reactions were run on 8% SDS-PAGE and blotted to PVDF membrane (Hybond-P, Amersham Biosciences) using a three-solution semidry protein blotting protocol for 30 min at 16 V optimized to a lower pH to avoid loss of phosphoester linkages. Following is the blotting setup in brief, from anode to cathode: one sheet of filter paper (Whatman) wet with anode 1 solution (300 mM Tris, pH 9.5, 10% (v/v) methanol), two sheets wet in anode 2 solution (25 mM Tris, pH 9.5, 10% (v/v) methanol), PVDF membrane, gel, and three sheets wet in cathode solution (25 mM Tris, pH 8.5, 20% (v/v) methanol, 0.3% (w/v) glycine). Phosphate incorporation was visualized by autoradiography.
Acid/Base Stability Assay-Autophosphorylation reactions were performed as above in triplicate for each treatment. After blotting, PVDF membranes were incubated for 16 h at room temperature in 1 M HCl, 3 M NaOH, or 100 mM Tris-HCl, pH 7.0. Protein bands were cut from the membrane and counted in scintillation fluid. The average for the counts of the acid and base treatments was normalized with respect to the counts for the control treatment (Tris-HCl).
Phosphoamino Acid Analysis-Autophosphorylation reactions were performed in 50 mM Tris pH 7.5, 10 mM MgCl 2 
32 P]ATP (5000 Ci/mmol). After blotting, protein bands were cut from PVDF membranes and hydrolyzed in 100 l 6 N HCl (Pierce) for 1 h at 110°C. Membrane was removed and hydrolyzed amino acids were lyophilized and resuspended in pH 1.9 buffer (2.2% (v/v) formic acid, 7.8% (v/v) acetic acid) containing 100 g/ml each phosphoamino acid standard (Ser-P, Thr-P, Tyr-P, Sigma). Bidimensional thin layer electrophoresis was performed as described in Liu et al. (31) and plates were visualized by autoradiography.
RESULTS
All Five Ethylene Receptors Autophosphorylate in Vitro-
The ethylene receptors show four distinct domains: a membrane spanning domain that is the ethylene binding site (32), a GAF domain that is a secondary structure motif and putative binding site for small molecules (33) , a kinase domain with sequence similarity to histidine kinases (Fig. 1) , and a receiver domain as found in response regulator proteins (reviewed in Ref. 3) . The receiver domain is absent from two of the ethylene receptors, ERS1 and ERS2 (10, 11) . To produce proteins suitable for in vitro enzyme assays, the soluble domains of the Arabidopsis ethylene receptors were cloned into pESP1 as described under "Experimental Procedures." These constructs included the GAF domain, the kinase domain, and the receiver domain, when the latter was present in the native protein. The soluble domains of all five ethylene receptors were expressed in S. pombe, each with a GST tag attached to their amino terminus ( Fig. 2A) . A 75-kDa protein co-purified with most ethylene receptors and could not be removed even after extensive washes. Sequencing of the ETR2 75-kDa contaminating band determined that the co-purifying protein was the heat shock protein Hsp70 (data not shown). The molecular chaperone Hsp70 is usually removed by addition of Mg 2ϩ and ATP to the column washes (34) , which could interfere with the in vitro autophosphorylation activity of the ethylene receptors. Because Hsp70 has not been shown to have kinase activity, it was not removed from the reaction mixture.
Purified recombinant receptors were tested for autophosphorylation in vitro as described under "Experimental Procedures," and results are shown in Fig. 2B . As previously reported (1), ETR1 required Mn 2ϩ for autophosphorylation and did not function in the presence of Mg 2ϩ . ERS1 and ERS2 autophosphorylated in the presence of Mg 2ϩ or Mn 2ϩ , whereas ETR2 and EIN4 had a higher activity in the presence of Mg 2ϩ . Elution of proteins from the Sepharose beads led to slight degradation of the purified proteins, which could be seen on a protein blot with antibodies against the GST tag (data not shown). Some of these degradation products also appeared as phosphorylated bands in the autophosphorylation assays (Fig.  2) either because of their retaining of autophosphorylation activity or as substrate to the full-length receptor. The recombinant EIN4 protein was very unstable and could not be purified in large quantities. Several independent EIN4 clones were tested with similar results in the autophosphorylation assay (data not shown). It is interesting to note that ERS2, ETR2, and EIN4 were able to phosphorylate Hsp70 in the presence of Mg 2ϩ and to a lesser extent in the presence Mn 2ϩ . Hsp70 phosphorylation by the ethylene receptors might not be alto-
As shown in Fig. 2C , GST alone showed no phosphorylation in Mg 2ϩ , indicating that phosphorylation is dependent on the ethylene receptors being present in the reaction mixture. Trace levels of incorporation were observed for GST in the presence of Mn 2ϩ (Fig. 2C) , which are probably caused by nonspecific incorporation. As most of the receptors (except ETR1) show higher levels of incorporation in the presence of Mg 2ϩ , we do not think our results are caused by a contaminating kinase from yeast phosphorylating the GST tag. Moreover, autophosphorylation was also observed when ERS1 was purified without the GST tag (ERS1-GST(Ϫ), Fig. 2C ), indicating that the site of phosphorylation is internal to the receptor. ERS1-GST(Ϫ) showed the same phosphorylation pattern discussed below for the fusion protein (data not shown). It should also be observed that no Hsp70 is phosphorylated in the ERS1-GST(Ϫ) lane. Hence the Hsp70 phosphorylation is also not caused by a contaminating kinase from yeast and is specific to subfamily 2 receptors.
We also tested whether the GAF domain is required for autophosphorylation by using an ETR2 construct lacking this domain (ETR2-⌬GAF, Fig. 2A ). As shown in Fig. 2B , ETR2-⌬GAF showed the same autophosphorylation pattern as the full-length ETR2 construct. This result suggests that the GAF domain is not the site of autophosphorylation. Hence, the phosphorylated residue must reside in the kinase domain because ERS1 and ERS2 do not contain receiver domains (10, 11) .
Nature of Phosphorylated Amino Acid in Each Receptor-To determine the nature of the phosphorylated amino acid, autophosphorylated proteins were incubated in acid or base as described under "Experimental Procedures." Phosphorylated histidine residues form phosphoamidate bonds that are sensitive to acid and resistant to base, whereas phosphorylations on serine or threonine produce phosphoester bonds that are acidresistant and base-labile. Moreover, tyrosine phosphorylation is resistant to both acid and base, whereas aspartate phosphorylation is labile in both acid and base (36) . As has been previously reported (1), autophosphorylation of ETR1 in the presence of Mn 2ϩ resulted in a base stable phosphorylated residue under our assay conditions consistent with histidine autophosphorylation (Fig. 3A) . No incorporation was quantified from ETR1 reactions containing Mg 2ϩ . We used a calciumdependent protein kinase as a positive control for acid stability because it autophosphorylates on serines and threonines in the presence of Mg 2ϩ (37) , and results are shown in Fig. 3A . As shown in Fig. 3A , phosphorylated ERS1, ETR2, EIN4, and ERS2 showed acid stability in the presence of Mg 2ϩ indicating a phosphoester bond formation. In the presence of Mn 2ϩ , ERS1 showed partial resistance to both acid and base, suggesting that this protein can produce phosphoamidate and phosphoester linkages in the presence of this metal. The subfamily 2 class of ethylene receptors only produced phosphoester linkages independent of the metal present in the reaction mixture (Fig. 3A) . Our cutoff value for the acid/base assay was 100 cpm; all of the values were obtained from triplicate reactions, and each recombinant protein was assayed at least twice. Low levels of incorporation (below the cutoff) were quantified from ETR2 reactions containing Mn 2ϩ , but ETR2-⌬GAF and EIN4 in the same buffer showed enough incorporation for quantification (Fig. 3A) . Bi-dimensional thin layer electrophoresis was used to determine whether the phosphoester bond was formed on serines, threonines, tyrosines, or combinations thereof. As shown in Fig. 3B , ERS1 only autophosphorylated on serine residues in the presence of Mg 2ϩ . All receptors were tested in
FIG. 2. Autophosphorylation activity and cation dependence of receptors.
A, soluble domains of the Arabidopsis receptors were cloned into a yeast expression vector as described under "Experimental Procedures" and expressed as GST fusions. The thrombin cleavage site (black line) was used for GST removal from the ERS1 fusion protein. ETR1, ERS1, ETR2, EIN4, and ERS2 included the GAF domain along with the kinase domain (K D ) and receiver domain (RD) when present in the native protein. A construct was also made for ETR2 that deleted the GAF domain (ETR2-⌬GAF) . B, receptors were tested for autophosphorylation in vitro in the presence of Mg 2ϩ or Mn 2ϩ as described under "Experimental Procedures." Reactions were run on SDS-PAGE and blotted to PVDF membrane before exposing to film. Autoradiogram of the protein blot (top) and a stained gel of the proteins used (bottom) are shown for ETR1, ERS1, ERS2, ETR2-⌬GAF, ETR2, and EIN4. C, autophosphorylation activities of GST and ERS1 without the GST tag (ERS1-GST(Ϫ)). Autoradiogram (left) and stained gel (right) are shown. the presence of Mg 2ϩ or Mn 2ϩ , and all except ETR1 autophosphorylated predominantly on serine residues (data not shown). ETR1 did not show any significant phosphorylation on serine, threonine, or tyrosine in the presence of Mn 2ϩ (Fig. 3B) , and Hsp70 phosphorylation also occurred predominantly on serine residues (data not shown). Faint traces of threonine phosphorylation were observed for ERS2 in the presence of Mn 2ϩ (Fig. 3B) .
To address the biological relevance of the different autophosphorylated sites of ERS1 we tested for autophosphorylation in the presence of both Mg 2ϩ and Mn 2ϩ . As the cellular concentration of Mg 2ϩ is 50-to 100-fold higher than that of Mn 2ϩ (reviewed in Ref. 38) , the autophosphorylation reaction was performed taking this ratio into account. Under the conditions used for the autophosphorylation reaction the calculated apparent concentrations of free Mg 2ϩ and Mn 2ϩ are 9.5 mM and 0.14 mM, respectively, as described under "Experimental Procedures." As shown in Fig. 4 , in the presence of both metals ERS1 only showed acid-stable serine phosphorylation. No ETR1 autophosphorylation was observed under these assay conditions (data not shown). These data suggest that the histidine phosphorylation probably does not occur in vivo unless a Mn 2ϩ donor is present. Reactions were subjected to SDS-PAGE and blotted to PVDF membranes. Protein blots were incubated for 16 h in neutral, acidic, or basic solutions before individual protein bands were cut from membranes and counted in a scintillation counter. Values shown Ϯ S.E.
Effect of Mutations of the Conserved Histidine Kinase
FIG. 3. Nature of phosphorylated amino acids.
A, autophosphorylation reactions were performed as described under "Experimental Procedures" in triplicate for each treatment in a total of nine reactions for each protein. Reactions were run on SDS-PAGE and blotted to PVDF membranes. Protein blots were incubated for 16 h in neutral solutions (white bars), acidic solutions (gray bars), or basic solutions (black bars) before individual protein bands were cut from membranes and counted in a scintillation counter. Graphs show the average of three values for each treatment (ϮS.E.) normalized to the counts for the neutral treatment. N. I., no incorporation; N. D., not determined; L. I., low incorporation. B, autophosphorylation reactions were performed as described under "Experimental Procedures," run on SDS-PAGE, and blotted to PVDF membrane. Protein bands were cut from PVDF membranes, hydrolyzed in HCl, and subjected to two-dimensional thin-layer electrophoresis as described. The autoradiograms of the plates are shown for ETR1 (Mn 2ϩ ), ERS1 (Mg 2ϩ ), and ERS2 (Mn 2ϩ ), and the position of the standard phosphorylated serine, threonine, and tyrosine are marked.
the five contain a histidine residue extremely close to the H-box (Fig. 1) . The neighboring histidine is not phosphorylated in ETR1 (1) . To examine whether the conserved and neighboring histidine residues are required for autophosphorylation of the ethylene receptors, we made constructs that changed these histidine residues to alanines, as shown in Fig. 5A . The ETR2-⌬GAF deletion construct was used for this study because it behaved like the full-length ETR2 protein. The ERS2 protein has no histidine residue in this region, so it was not used in this study.
As previously reported (1), ETR1-H did not autophosphorylate in the presence of Mg 2ϩ or Mn 2ϩ (Fig. 5B) . Consistent with the dual activity of ERS1, a reduction of autophosphorylation activity was observed for ERS1-H in the presence of Mn 2ϩ . The mutations in ERS1-H, ETR2-⌬GAF-H, and EIN4-H did not abolish autophosphorylation as occurred with ETR1-H. Hence, it is improbable that serine phosphorylation of the ethylene receptors is caused by an intramolecular phosphoryl transfer. These data indicate that the histidine residue of the H-box is not essential for autophosphorylation on serine residues and that no phosphoryl transfer is occurring from histidine to serine in the ethylene receptors.
The ATP binding domain of histidine kinases follows the Bergerat fold, which is conserved in enzymes with different functions such as the chaperone Hsp90, the DNA mismatch repair enzyme MutL, and type II DNA topoisomerases (39, 40) . The primary sequence similarity between these enzymes is less than 15%, but their secondary structure is conserved (40) . As the ethylene receptors seem to be ancestral histidine kinases, it is likely that they would have a conserved Bergerat fold. To test whether ATP binding occurs by the same mechanism, we mutated conserved residues in the G1 and G2 boxes of ETR1 and ERS1 ( Fig. 1 and Fig. 6A ). These motifs are conserved glycinerich loop regions that seem to be involved in ATP binding (reviewed in Ref. 3 ). ETR1 and ERS1 are the only ethylene receptors with a recognizable G1-box motif, whereas a G2-box can be recognized in ETR1, ERS1, and ETR2 (Fig. 1) . As shown in Fig. 6B , mutation of the G1 and G2 boxes reduced phospho- 6 . Effects of histidine kinase motif mutations on in vitro autophosphorylation activity. A, for ERS1 and ETR1 the two glycines of the G1-box (-G1) and the three glycines of the G2-box (-G2) were mutated to alanine. For ERS1-N1 the aspartate and glutamate outside the N-box were mutated to asparagine and glutamine, respectively, whereas for ERS2-N1 two aspartates were mutated to glutamate. For ERS1-N2 and ERS2-N2 the conserved glutamine and glycine in the N-box were mutated to glutamate and alanine, respectively. The mutagenesis strategy is described under "Experimental Procedures." B, the ERS1 and ERS2 mutants were assayed for in vitro autophosphorylation in the presence of Mg 2ϩ and Mn 2ϩ along with wild-type ERS1 and ERS2. The ETR1 mutants were assayed in the presence of Mn 2ϩ , along with wild-type ETR1. Reactions were run on SDS-PAGE and blotted to PVDF membrane before exposing to film as described under "Experimental Procedures." An autoradiogram of the protein blot is shown. C, stained gel of the proteins used in B.
rylation activity of ERS1 to 73 and 88% of wild type and of ETR1 to 64 and 68% of wild type, respectively. The lack of conservation of these amino acids among the members of the ethylene receptor family (Fig. 1) is consistent with the lack of effect of these mutations and brings into question whether the mechanism of ATP binding is the same for histidine kinases and ethylene receptors.
Protein structure data are necessary to determine whether the ethylene receptors have a conserved Bergerat structure even though the amino acids of the designated histidine kinase motifs are not conserved. However, all ethylene receptors possess conserved glutamates and aspartates in close proximity to the N-box and a conserved glutamine in the N-box (Fig. 1) . In histidine kinases, the N-box is the site of metal binding (reviewed in Ref. 3) . Metal coordination in the active site is necessary for kinase activity. To address the importance of these conserved residues in the serine autophosphorylation of ERS1 and ERS2, we mutated the glutamates to glutamines, aspartates to asparagines, and glutamine to glutamate ( Fig. 1 and  Fig. 6A ). As shown in Fig. 6B , ERS1 activity was reduced in ERS1-N1 and ERS1-N2 mutants, whereas ERS2 activity was only affected in the ERS2-N2 mutant. As mutations in the kinase domain reduce activity, it seems unlikely that the observed autophosphorylation is caused by a contaminating yeast protein. Hence, these results suggest that the conserved residues around the N-box might play a role in the active site of the ethylene receptors. DISCUSSION We have shown here that all five ethylene receptors autophosphorylate in vitro independent of the presence or absence of the histidine kinase conserved motifs. Although our results corroborate the previously published histidine autophosphorylation activity of ETR1 (1), we have demonstrated that the other four members of the ethylene receptor family autophosphorylate predominantly on serine residues. However, as all ethylene receptor family members retained kinase activity despite their sequence divergence, it seems likely that autophosphorylation is necessary for receptor function. There are several examples in the literature of serine autophosphorylation by proteins with sequence similarity to histidine kinases, including plant phytochromes (27, 28) as well as the mitochondrial proteins branched chain ␣-ketoacid dehydrogenase kinase (24) and pyruvate dehydrogenase kinase (26) . These enzymes have diverged from histidine kinases but maintained the conserved amino acids of the ATP-binding domain (23, 25, 27) . Our results indicate that four of the five ethylene receptors have also diverged from histidine kinases and evolved into proteins that phosphorylate on serines. Three of these proteins have lost most of the conserved histidine kinase motifs. The ethylene receptor family thus represents an interesting snapshot into the evolution of non-canonical histidine kinases.
Although branched chain ␣-ketoacid dehydrogenase kinase has retained the histidine kinase structure, the phosphorylation mechanism used by this enzyme is different from the one used by canonical histidine kinases. Instead of attacking the ␥-phosphate of ATP with the side chain of the phosphateaccepting histidine in the H-box (41) it uses a glutamate in the N-box as a general base catalyst to activate the phosphateaccepting serine (42) . The results presented here indicate that the conserved histidine residue of the H-box is not required for serine autophosphorylation of the ethylene receptors (Fig. 5) . Moreover, the ethylene receptors possess conserved glutamates and aspartates in close proximity to the N-box (Fig. 1 ) that could be used by the enzyme to catalyze phosphate transfer. Mutations of these residues greatly reduce autophosphorylation in ERS1 but not ERS2. However, ERS2 autophosphorylation is affected by mutation of the conserved glutamine in the N-box region (Fig. 6) , which further argues for the role of this region as the catalytic site. A definite answer to whether the ATP binding domain is conserved in ethylene receptors will require resolving the structure of their kinase domains. Structural data will also help identify amino acids involved in the phosphorylation mechanism and their mode of action.
The proposed mechanism for histidine kinase phosphorylation suggests that transphosphorylation occurs between subunits of homodimers (reviewed in Ref. 3) . Hence, it can be inferred that canonical and non-canonical histidine kinases should be able to phosphorylate other proteins. This phenomenon has been observed for phytochromes (43, 44) , branched chain ␣-ketoacid dehydrogenase kinase (23, 24) , and pyruvate dehydrogenase kinase (25, 26) and could be true for the ethylene receptors. No CTR1 phosphorylation by ethylene receptors has been shown to date, even though these proteins interact in vitro and in vivo (45) (46) (47) (48) . The biochemical data presented here show that the five Arabidopsis ethylene receptors autophosphorylate in vitro but do not phosphorylate on identical amino acids. These data, however, are still consistent with the proposed functional redundancy of the receptors. Genetic and biochemical data suggest that all family members are active in ethylene signal transduction (16, 17) , but it is not clear whether kinase activity is the primary means by which the receptors signal. It has been reported that loss of histidine autophosphorylation or removal of the kinase domain of ETR1 does not impair ethylene insensitivity conferred by the dominant insensitive etr1 mutant (22) . Neither do mutations that disrupt histidine kinase activity of ETR1 prevent its complementation of etr1;ers1 double loss-offunction mutant (21) . Hence, it has been suggested that receptor kinase activity is not part of the mechanisms of ethylene signal transduction. This conclusion, however, is based solely on data for ETR1 and its histidine kinase activity. Moreover, it relies on the assumption that the kinase is active in the absence of ethylene and responsible for the "on" state.
Several models can be proposed for receptor function ethylene signal transduction. The receptors could be modulating CTR1 kinase activity directly by a change in their conformation in response to ethylene binding, or phosphorylation of the receptors could be responsible for receptor and CTR1 turnover after ethylene binding. It cannot be ruled out that the receptors might be sequestering a downstream component of the signaling pathway that is released upon ethylene binding and/or protein phosphorylation. In this scenario, phosphorylation could lead to receptor turnover or a change in its conformation, either of which would lead to release of the sequestered component. To answer these questions it will be necessary to know if serine phosphorylation occurs in vivo and whether serine phosphorylation is required to maintain the repressed state or to release this repression. The biochemical data presented here provide support for the genetic evidence that histidine autophosphorylation is not necessary for maintaining the repres-sion of ethylene signaling (20 -22) and suggest that receptor signaling does not occur through a phosphorelay. However, as autophosphorylation has been retained despite the sequence divergence of the ethylene receptor family, it seems likely that this activity is important for receptor function.
